ABSTRACT The three-dimensional structure of the simian virus 40 capsid is remarkably similar to the structure of the polyoma empty capsid. This similarity is apparent despite striking differences in the methods used to determine the two structures: image analysis of electron micrographs of frozenhydrated samples (SV40 virions) and an unconventional x-ray crystallographic analysis (polyoma empty capsids). Both methods have clearly resolved the 72 prominent capsomere units which comprise the T = 7d icosahedral capsid surface lattice. The 12 pentavalent and 60 hexavalent capsomeres consist of pentameric substructures. A pentameric morphology for hexavalent capsomeres clearly shows that the conserved bonding specificity expected from the quasiequivalence theory is not present in either SV40 or polyoma capsids. Determination of the SV40 structure from cryo-electron microscopy supports the correctness of the polyoma structure solved crystallographically and establishes a strong complementarity of the two techniques. Similarity between the SV40 virion and the empty polyoma capsid indicates that the capsid is not detectably altered by the loss of the nucleohistone core. The unexpected pentameric substructure of the hexavalent capsomeres and the arrangement of the 72 pentamers in the SV40 and polyoma capsid lattices may be characteristic features of all members of the papova virus family, including the papilloma viruses such as human wart and rabbit papilloma.
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INTRODUCTION
Interest in the structure of papova viruses has been quite high ever since the first electron micrographs of rabbit papilloma were published (Sharp et al., 1942) . Papova is an acronym used to describe papilloma, polyoma, and vacuolating agent (SV40) type viruses (Melnick, 1962) . On the basis of their morphological characteristics and their biochemical composition, the papova viruses have been classified into two genera. The A genus comprises the papilloma viruses. These have been identified in many animal species, but the human and bovine viruses have been among those most extensively examined (Tooze, 1981) . The B genus includes SV40, polyoma, and the human JC-and BK-type viruses (Tooze, 1981) . Even though the viruses of the B-genus exhibit similar physical and biological properties, SV40 and polyoma have been favored for extensive biochemical, genetic, and structural studies, in part, because these viruses are readily propagated in the appropriate cell lines cultured in the laboratory. In addition, both viruses have served as model systems for studying molecular aspects of viral assembly, genetic regulation, and the mechanisms involved in transformation of mammalian cells. Bina, 1986) . The viral DNA is initially condensed by the cellular core histones into repeating units (nucleosomes) formed from wrapping 146-200 base pairs of DNA around histone octamers (two molecules each of H2A, H2B, H3, and H4). The resulting nucleohistone complex is known as a minichromosome (Griffith, 1975) . The virion proteins (VP1, VP2, and VP3) are subsequently added to the minichromosome to form the virion particles isolated from infected cells (Blasquez et al., 1983) . VP1 accounts for nearly 80% of the total virion protein (reviewed by Baker and Rayment, 1987) , Table 1 . Empty capsids isolated from infected cells are not virion precursors but result when virions dissociate during isolation procedures (Garber et al., 1979; Fernandez-Munoz et al., 1979; Baumgartner et al., 1979; Yuen et al., 1985) . Studies conducted on the structure of papova viruses have historically been marked by controversy and surprise. A major debate arose when attempts were made to determine the number and arrangement of the morphological units forming the capsid (Mattern, 1962; Mayor and Melnick, 1962) . Two conflicting models were proposed: one favoring a capsid consisting of 42 morphological units (Wildy et al., 1960; Melnick, 1962) , while the (Rayment et al., 1982) . The molecular weights of the virion proteins were calculated from sequence data (Tooze, 1981 (Klug, 1965; Anderer et al., 1967; Finch, 1974) . Similar studies have demonstrated that the capsids of papilloma viruses also consist of 72 capsomeres Finch and Klug, 1965) . Surprisingly, the rabbit papilloma is left handed (T =71), while the human wart papilloma is right handed (T= 7d). A three-dimensional reconstruction of polyoma virus revealed that the sizes of the pentavalent and hexavalent capsomeres are nearly identical (Finch, 1974) . To account for this result and maintain a 420-subunit structure, Finch (1974) (Friedmann and David, 1972) .
The unexpected discovery (Rayment et al., 1982) Caspar and Klug (1962) . Questions were raised (Eisenberg, 1982; Klug, 1983) concerning the results obtained by Rayment et al. (1982) since the structure was solved using a novel crystallographic method in which structure factor phases, derived from computer generated models, were combined with diffraction amplitudes measured from x-ray precession photographs of native capsid crystals.
We have recent-ly solved the structure of the SV40 virion, using cryo-electron microscopy and image analysis (Baker et al., 1988) , at a resolution comparable to the x-ray analysis of polyoma empty capsids (Rayment et al., 1982) . Here, we describe the criteria used to determine the SV40 virion structure and compare the capsid structures of SV40 and polyoma. The observed similarities help resolve uncertainties concerning the validity of the procedures used to solve the polyoma structure. The structure of SV40 and polyoma explains and reconciles observations made previously in the analysis of negatively stained polyoma specimens (Finch, 1974) .
MATERIALS AND METHODS
Sample preparation and electron microscopy Mature wt776 virions were isolated as previously described (Bina et al., 1982; Baker et al., 1988) . Aqueous samples (3-4 ,l) of SV40 virions (t4 mg/ml in 12.5 mM Tris buffer at pH 7.4) were applied to holey, carbon-coated grids made hydrophilic by glow discharge in an atmosphere of amyl-amine, blotted with filter paper for a few seconds, and rapidly plunged into liquid ethane (Milligan et al., 1984) . Grids were transferred under liquid nitrogen to a Gatan cold holder (Gatan, Inc. 780 Commonwealth Drive, Warrendale, PA) which maintained the specimen at --1600C in the electron microscope. The micrographs were recorded on Kodak SO-163 film (Eastman Kodak Company, Rochester, NY) using low-irradiation conditions (me1,000 e-/nm2) on an EM400 electron microscope (Philips Electronic Instruments, Mahwah, NJ) operated at 100 kV at a nominal magnification of X33,000. The actual magnification (X27,000) was determined using polyoma virus as a calibration standard (Olson and Baker, manuscript submitted for publication).
Image analysis and three-dimensional reconstruction
The micrograph selected for computing the three-dimensional reconstructions was recorded with the objective lens underfocused by 1-2 ,m ( Fig. 1 ), a level of defocus at which the phase contrast transfer function (CTF) of the microscope remains positive for all spatial frequencies within the 3.8 nm resolution limit of the reconstructions (Erickson and Klug, 1971) . Corrections for nonlinearities of the CTF (Lepault and Leonard, 1985) were not made since they did not significantly alter the subsequent reconstructions.
Three separate three-dimensional reconstructions were computed as described before (Baker et al., 1988) , using procedures similar to those developed to analyze negatively-stained icosahedral particles (Crowther et al., 1970, a and b; Crowther, 1971) . A region of the selected micrograph ( Fig. 1 ) was digitized at regular intervals (25 Mm), corresponding to -0.92 nm at the specimen, and displayed using a raster graphics device (model 3400; Lexidata Corp., Billerica, MA). Randomly selected particles were masked from their surroundings with circular boundaries. Each particle image was floated (DeRosier and Moore, 1970) and Fourier transformed and the center of each particle was initially located using a cross-correlation procedure (Olson and Baker, manuscript submitted for publication). The original common lines method (Crowther, 1971) was modified to refine the view orientation (0, X, w) and center of each particle to a unique solution in a few cycles of an iterative procedure (Fuller, 1987; Baker et al., 1988) . The mean phase residual computed from the common lines procedure was used to check the extent to which the particle transforms are consistent with their having arisen from a structure with icosahedral symmetry. The particle images used in the reconstructions all showed some correlation with icosahedral symmetry to spatial frequencies of 3 to 4 nm (Fig. 4) .
To compute the three-dimentional structure of SV40, one particle image was chosen as reference and the remaining set of images were scaled to the same magnification and contrast. The scaled data were combined, taking into account the relative orientations of the particles, to produce a three-dimensional Fourier transform. Electron density maps were computed by inverse Fourier-Bessel transformation of the three-dimensional transform after constraining it to obey D5 symmetry (Crowther, 1971) . The maps were displayed with a right-handed surface lattice (T = 7d), consistent with the earlier hand determination of SV40 (Anderer et al., 1967) .
RESULTS AND DISCUSSION
Electron microscopy and image analysis
The structure of SV40 virions was examined using the cryo-electron microscopy technique (Adrian et al., 1984; Milligan et al., 1984) since this method preserves the native morphology of biological macromolecules and produces images in which contrast is related to genuine differences in mass density. The cryo-method offers significant advantages over the traditional preparative procedures such as negative-staining, metal shadowing or embedding and thin-sectioning, since it does not require dehydration of the specimen or the addition of stains or heavy metal atoms to enhance contrast. Fig. 1 shows a field of frozen-hydrated SV40 virions, recorded using low-irradiation conditions to minimize radiation induced damage to the sample (Williams and Fisher, 1970; Baker and Amos, 1978) . This micrograph was selected from over one-hundred recorded since it showed minimal drift or vibration resulting from instabilities of the cold stage, minimal residual image astigmatism, and an optimal level of underfocus which maximized positive phase contrast in the 3 to 4 nm resolution range (Baker et al., 1988) . Furthermore, the selected micrograph ( Fig. 1 ) was recorded from a region of the specimen containing a concentrated, mono-disperse distribution of virus particles in a uniform layer of vitreous ice approximately as thick as the SV40 particles (50 nm). Most of the individual SV40 virion particles have nearly circular image profiles indicating that particle flattening did not occur and that the spherical particle shape is well preserved by the preparative technique (Fig. 1) .
Close inspection of the particle images in Fig. 1 reveals that the virions are randomly oriented in the thin specimen. The projected view of an individual virus particle arises from the superposition of density in the entire particle since the depth of field in the electron microscope is larger than the thickness of the frozen-hydrated speci-FIGURE 1 High magnification view of a frozen-hydrated SV40 sample. Individual virus particles are suspended over a hole in the carbon substrate within a thin layer of vitreous ice about the same thickness (c50 nm) as the particle diameter. Particle contrast is significantly reduced in regions where the ice is too thick (>100 nm; not shown). Despite the high level of noise in this slightly defocused image (1-2 gm), the capsomere units and random orientation of the particles are clearly evident (Low contrast in the original micrograph is photographically enhanced here to better display these characteristic features). Most particles display circular outlines, indicating good preservation of the spherical shape and symmetry. The 15 particles, labeled A-O, were randomly selected and analyzed to determine the relative viewing directions and to combine the images for computing the three-dimensional reconstruction (displayed in Fig. 6 ).
men. A characteristic feature of the structure of papova viruses is that the superposition of the images of the 72 capsomeres produces a distinct pattern for each particle depending on its orientation. This feature is a critical factor in objectively identifying a suitable number of different views for determining the three-dimensional structure of the virus using image analysis procedures (Crowther et al., 1970, a, b; Crowther, 1971) .
In a typical field of unstained, frozen-hydrated SV40 virions, it is relatively easy to identify particles oriented with an icosahedral three-fold axis in the direction of view (e.g., particles A and D in Fig. 1 ). Particles viewed near a five-fold axis of symmetry are occasionally seen (N, Fig.  1 ), but images of two-fold views are more difficult to detect. The ease with which three-and five-fold views can be recognized is mainly a consequence of the strikingly characteristic features at low resolution (3 to 4 nm) arising from the superposition of images of the capsomeres on opposite sides of the virus shell. Projection of structural details along the two-fold direction gives rise to features which are too fine to detect above the noise level in unaveraged images.
The quality of individual images of particles in the selected micrograph viewed close to three-and five-fold symmetry axes (Fig. 1) was assessed quantitatively using rotational power spectrum analysis (Crowther and Amos, 1971; Baker et al., 1985) . To establish the presence of rotational symmetry for objects the size of SV40, the image view must be within one or two degrees of a symmetry axis. Fig. 2 shows rotational power spectra computed for the two particle images labeled A and N in Fig. 1 . The distribution of intense peaks provides strong evidence for three-fold (Fig. 2 A) and five-fold (Fig. 2 D) rotational symmetries in the respective digitized images (Fig. 2, B and E) . The quality of these spectra indicate that the symmetries of both particles were well preserved during the cryo-electron microscopic procedures.
Particle images of A and N were rotationally filtered to reduce the noise and enhance the symmetry related features. The averaged images were reconstructed using only those Fourier components that are multiples of the expected n-fold symmetry (Crowther and Amos, 1971) . The filtered images appear striking, but they only provide two-dimensional projected views of the virus (Fig. 2, C and F). The three distinct pentameric substructures in the 1.000 0.100 0.010 center of the three-fold average image (Fig. 2 C) give the impression that only one side of the particle is imaged. In fact, in this projected view, the clear pentameric substructure is mainly observed owing to: (a) near perfect superposition of the hexavalent capsomeres on the opposite sides of the capsid and (b) alignment of the axes of these capsomeres nearly parallel to the icosahedral three-fold axis. When viewed along the particle five-fold axis (Fig.  2 F) , the superimposed images of the hexavalent capsomeres are not clearly resolved because the capsomere images from opposite sides do not superimpose exactly and because the axes of the capsomeres are tilted away from the five-fold axis.
The presence of pentameric substructure in the hexavalent capsomeres was firmly established when the threedimensional reconstruction of the virus was computed. The curves are normalized with PO = 1. For rotational frequencies higher than n -35 the power is <0.001. B and E are highly magnified views (with contrast reversed and enhanced) corresponding to particles labeled D, viewed close to an icosahedral three-fold axis, and N, viewed close to a five-fold axis, of Fig. 1 . Rotationally filtered images (C, F), were computed using a Fourier-Bessel synthesis of only those rotational components from B and E which are multiples of three or five. The filtered images show considerable detail not apparent in the noisy, unfiltered images.
along strict icosahedral symmetry axes from the micrograph shown in Fig. 1 . We subsequently followed a modification (Fuller, 1987; Baker et al., 1988) of the original common lines method, (Crowther, 1971) in order to refine both the view orientation, (0, X, w; Klug and Finch, 1968) and center (origin of symmetry axes) of each particle, and to assess particle quality. The 0, 0 orientations determined for the final set of selected particle images illustrate that the views used in the reconstruction are fairly uniformly distributed within the asymmetric unit of the icosahedron (Fig. 3) . This wide distribution of view orientations and the redundancy generated by the known symmetry of the capsid provide sufficient data to reconstruct the three-dimensional structure of the virus.
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HA 75 FA~T he extent to which the expected icosahedral symmetry was obeyed for each particle was assessed quantitatively by computing the mean phase difference between pairs of common lines in the Fourier transform of each digitized virus image (Fig. 4) . The common lines are pairs of lines along which, due to the symmetry of the particle, the transform should be the same (Crowther, 1971) . Fig.  4 plots the mean phase residuals as a function of resolution for the best (particle L), the worst (particle H) and the average of the images used in the subsequent threedimensional analysis. Particles with low residuals are those in which icosahedral symmetry is best preserved. In images of unstained, frozen-hydrated particles, the noise level is typically higher than that detected in negativelystained specimens, especially at the high spatial frequen- 6 ). The inset drawing schematically identifies the asymmetric unit (shadedportion) of a strict icosahedron and the convention for specifying the view orientation (0,4), as adopted by Klug and Finch (1968) . The x, y, z Cartesian coordinate frame is arranged to coincide with three mutually-perpendicular two-fold axes of the icosahedron. cies plotted in Fig. 4 . To achieve a significant reduction in noise, a relatively large number of particle images were used to compute the three-dimensional reconstructions. The thirty images selected from the micrograph (Fig. 1) showed the highest correlation with icosahedral symmetry.
Three-dimensional structure of simian virus 40
Two reconstructions of the mature simian virus 40 structure were computed from two independent sets of data, each containing fifteen particle images. Because the two reconstructions appear identical within experimental uncertainty, the entire set of 30 particles images was combined to compute the average reconstruction shown in Fig. 5 . The projected density maps clearly show that both the pentavalent and hexavalent capsomeres have pentameric substructure (Fig. 5 , A, C, E). The two types of capsomeres have nearly the same size and mass, as might be expected for pentameric oligomers composed of a single protein (VP1). Confidence in the structure obtained by the image analysis procedures was qualitatively assessed by comparing each original particle image with the corresponding back-projected view of the reconstruction. Fig. 6 shows the results obtained for the 15 particles used in the first reconstruction. Similar results were seen for the second set of 15 particles. Close inspection of the gallery of comparisons demonstrates that most of the prominent (Fig. 6) . This verifies that all particle images were included in the reconstruction with essentially correct view parameters.
Surface views of the SV40 virion reconstruction show prominent cylindrical cap regions which protrude from an underlying shell region (Fig. 5, B, D, F) . This suggests that, in the capsid, the VP1 subunits in the capsomeres consist of two major structural domains, one protruding in a radial direction and the other extending tangentially at lower radii. The shell region of the capsid appears perforated, especially at the icosahedral three-fold axes (Figs. 5 D and FIGURE 6 Gallery of views comparing original individual particle images (left image ofeach pair) with corresponding projected views of one of the two 15-particle three-dimensional reconstructions (right column). The original images have been Fourier filtered, to remove noise at spatial frequencies finer than 3.8 nm, and contrast enhanced for comparison with the reconstructed images. Close inspection of each pair reveals that the prominent features (superposition patterns) in the reconstructed images are clearly represented in the original noisy images, substantiating that the three-dimensional reconstruction is correctly determined to 3.8 nm resolution.
that the minichromosome is not organized with icosahedral symmetry matching that of the capsid (Baker et al., 1988) (Fig. 7 , E and G). Weak density which extends along the axis of the pentavalent pentamers towards the virion center may correspond to a region of contact between VP1 and the nucleohistone core or to the location of the minor proteins, VP2 and VP3.
Comparative analysis of SV40 and polyoma capsid structures Fig. 7 compares the SV40 virion reconstruction with the structure of the polyoma empty capsid solved by x-ray crystallography (Rayment et al., 1982) . Despite fundamental differences in the methods used to solve the structures and the different resolution of the two electron density maps, the similarity between them is remarkable. Both papova viruses display the same, previously unexpected 72 pentamer capsid structure. The pentameric substructure of the hexavalent capsomere is clearly resolved in both structures (Fig. 7 A-D) .
The SV40 reconstruction independently verifies the fact that the capsid of polyoma is composed of 72 pentameric capsomeres. This resolves questions previously raised about the validity of the crystallographic methods used for solving the polyoma structure (Eisenberg, 1982; Klug, 1983) . Additional evidence showing that polyoma VP1 only forms pentamers has been provided by electron microscopy and image analysis of (a) polymorphic tube aggregates isolated from infected cells (Baker et al., 1983) , and (b) the pentameric and capsidlike structures obtained using polyoma VP1 expressed in E. coli (Salunke et al., 1986) .
The finding that both types of capsomeres consist of VP1 pentamers (Figs. 5 and 7) explains why the threedimensional reconstruction of negatively-stained polyoma virions revealed hexavalent and pentavalent capsomeres of nearly the same size (Finch, 1974) . Although the pentameric substructure of both types of capsomeres is clearly revealed in the 3.8 nm resolution SV40 reconstruction, capsomere substructure was not observed in the 2.5 nm resolution polyoma reconstruction. Differences in the polyoma and SV40 image reconstructions can be partly attributed to differences in the mechanisms of contrast formation between stained and unstained samples. Negative-staining mainly reveals external surface features (Haschemeyer and Myers, 1970; Horne and Wildy, 1979; Oliver, 1973) , whereas, contrast in frozenhydrated specimens is formed at internal as well as external protein-water interfaces (Chiu, 1986; Stewart and Vigers, 1986) . Pentameric substructure may not have been revealed in the polyoma reconstruction (Finch, 1974) since the outer surface of the projecting domain of the capsomere is roughly cylindrical in shape (Fig. 4 D, E,  F) . Features which give rise to the five-fold modulation in the projected capsomere electron density mainly arise from portions of the capsomere which may be inaccessible to stain. Additional differences in the two reconstructions may be attributed to radiation induced movement of the negative stain (Unwin, 1974) as well as other radiation FIGURE 7 Comparison of the SV40 image reconstruction (A, C, E, G) with the electron density map of the polyoma capsid (B, D, F, H) obtained by x-ray crystallography (Rayment et al., 1982) . (A-D) are half-particle projections viewed close to the axis of the hexavalent capsomere (A, B) and along the icosahedral three-fold axis (C, D), revealing the pentameric substructure of the capsomeres in both viruses. The structural features appear quite similar in the comparable views (A-D). The higher overall intensity in the SV40 views (A, C) arises from density in the virion core which is projected along with the capsid density. Contributions from the core density are not observed in projections of thinner sections through the capsid (not shown). Central sections of the structures viewed along the two-fold (E, F) and five-fold (G, H) directions show (a) a clear break (lower density) in the region separating the chromatin core from the inner boundary of the protein shell and (b) the cross-sectional profile of the capsomeres. The look-up tables at the left identify how the range of electron densities in the maps are color-coded in the images (brighter colors represent higher electron density features). effects in the polyoma samples in which a high electron dose was required for microscopy (Finch, 1974) .
Detailed, quantitative comparisons of the SV40 reconstruction and the x-ray structure of the polyoma capsid (Fig. 7) show excellent correspondence between the two structures, within the errors of measurement. The outer diameter of both virus particles is the same (Table 1 ). The size, shape, radial extent, and intersubunit contacts in the two types of capsomeres also closely compare. In both maps, the pentavalent pentamer is radially displaced 0.2-0.4 nm farther from the particle center than the hexavalent pentamer. Most differences in the maps can be attributed to the higher resolution of the crystallographic study (Rayment et al., 1982) . Furthermore, the comparison of "full" and "empty" capsids demonstrates that the loss of minichromosomes does not noticeably alter the capsid structure.
CONCLUSIONS
The capsid structures of SV40 and polyoma are essentially indistinguishable at low resolution. Consequently, it is likely that other members of the papovavirus B genus (K, RKV, BK and JC) have similar capsid structures. The existence of capsid structures of opposite hand such as human wart (T = 7d) and rabbit papilloma (T = 71), raises questions concerning the VP1 bonding specificity and the roles of minor proteins in the assembly and the structure of the virus shell. Higher resolution studies are required to identify how antigenic determinants and other phenotypic properties, which distinguish viruses of the papova family, arise from differences in the primary amino acid sequences of the virion proteins.
In addition to VPI and the nucleohistone core, SV40 virions contain two minor proteins, VP2 and VP3. The location of these two proteins in the virion structure and their functions are still unknown. Development of more refined image analysis procedures and the application of electron microscopic labeling techniques may help locate these proteins and also provide information about the structure of the nucleohistone core. Because inside the virion the nucleohistone core may have an asymmetric organization, its structure cannot be studied by conven
